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with extracellular matrix disorders in thoracic
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Lixin Wang, MD, PhD, Jing Zhang, MD, PhD, Weiguo Fu, MD, PhD, Daqiao Guo, MD, PhD,
Junhao Jiang, MD, PhD, and Yuqi Wang, MD, PhD, Shanghai, China
Objective: Extracellular matrix dysregulation in the aortic media has been considered as the intrinsic factor for the
formation of thoracic aortic dissection. However, the mechanisms of extracellular matrix disorders in the dissected aortic
media remain unclear. This study was designed to investigate the relevance between smooth muscle cell phenotypes and
extracellular matrix disorders in the dissectedmedia. Their interactionmay account for the pathogenesis of thoracic aortic
dissection.
Methods and Results: Thoracic aortic samples were collected from 10 patients with thoracic aortic dissection and 10
controls. Primary cultures of aortic medial smooth muscle cells were obtained with optimized explant technique. In this
study, -smooth muscle actin, smooth muscle myosin heavy chain 2, and smoothelin were applied as the contractile
phenotypic markers and osteopontin was applied as the synthetic marker. Compared with controls, immunostaining and
immunoblotting demonstrated that in vivo expression of -smooth muscle actin, smooth muscle myosin heavy chain 2,
and smoothelin were significantly decreased in the dissected media, whereas that of osteopontin was elevated (P< .01 for
all). In vitro expression of the phenotypic markers showed the similar patterns. Furthermore, smooth muscle cells derived
from the dissected media exhibited enhanced proliferation (P < .01), increased collagens I and III synthesis (2.6- and
4.4-fold, respectively; P < .01 for both), and elevated matrix metalloproteinase-2 production (4.2-fold; P < .01).
Consistently, the protein levels of type I and III collagens and matrix metalloproteinase-2 in the dissected media were
raised by 4.6-, 4.0-, and 3.7-fold, respectively (P < .01 for all). Collagen deposition was correspondingly increased and
elastic fibers were decreased and disrupted.
Conclusions: Smoothmuscle cells in the dissectedmedia exhibit phenotypic switching from the contractile to the synthetic type.
The synthetic smooth muscle cells increase collagen synthesis and matrix metalloproteinase-2 production, both of which can
promote collagen deposition and elastin degradation in thoracic aortic dissection. (J Vasc Surg 2012;56:1698-709.)
Clinical Relevance: Thoracic aortic dissection is a catastrophic event involving the aorta. Our study has revealed that
smooth muscle cell phenotypic switching in the aortic media is involved in extracellular matrix disorders and thus may
impair the structure and the mechanical properties of the aortic wall and contribute to initiating dissection. Therefore,
new therapeutic strategies for maintaining the contractile phenotype of aortic smooth muscle cells may be useful to
prevent the formation of thoracic aortic dissection.
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disease involving the aorta with high mortality and severe
complications. Whatever the etiology of TAD, extracellular
matrix (ECM) disorders have been observed in the weak-
ened dissected aortic media.1-4 As themost abundant ECM
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1698omponents in the aortic wall, elastin and collagen are
esponsible for aortic mechanical properties. Abnormalities
f elastin and collagen impair the mechanical function of
he aortic wall and thus contribute to initiating dissection.5
Although some types of ECM disorders in familial or
yndromic TAD have been proven to definitely correlate
ith gene mutations,6 the mechanisms of ECM disorders
n sporadic and isolated TAD are still elusive.
Smooth muscle cells (SMCs) are the main source of
CM proteins in the aortic media, and the interplay be-
ween SMCs and ECM proteins is critical for the structural
nd functional integrity of the aortic wall. Unlike other
uscle cells, SMCs retain great plasticity. At homeostasis,
he mature vascular SMCs maintain a quiescent differenti-
ted state to perform contractile function.7 This phenotype
s designated as contractile or differentiated phenotype. In
ascular pathologies such as atherosclerosis,8,9 intimal hy-
erplasia,10,11 and varicosis,12,13 the contractile phenotype
f vascular SMCs can dedifferentiate to a so-called synthetic
ype and produce ECM proteins and proteases.14,15 There-
ore, SMC phenotypic alteration potentiates the metabolic
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Volume 56, Number 6 Wang et al 1699dysregulation of ECM proteins. However, little informa-
tion is available on the relationship between SMC pheno-
types and ECM disorders in TAD.
The present study compared SMC phenotypic diversity
between dissected and unaffected aortas and investigated
the effect of the phenotypic diversity on ECM alterations.
Through revealing the association of SMCphenotypes with
ECM disorders in the dissected media, the purpose of this
study was to establish the role of SMCs in the pathogenesis
of TAD.
METHODS
Sample collection. Thoracic aortic fragments in the
dissected segment nearby the primary entry site were taken
from 10 patients who underwent surgical repair of TAD (9
ascending aortas above the sinuses of Valsalva, 1 descend-
ing aorta). Patients with Ehlers-Danlos syndrome, Marfan
syndrome, and other connective tissue disorders were ex-
cluded. No traumatic aortic injuries were found in these
patients. Control ascending aortic tissues were obtained
from 10 age- and sex-matched organ donors who died of
nonvascular diseases. The demographic and clinical charac-
teristics of the included patients and controls are presented
in the Table. Upon isolated ex vivo, the samples were
divided into pieces and preserved under different condi-
tions for cell culture, histologic examinations, and bio-
chemical assays. The study was conducted following the
principles outlined in the Declaration of Helsinki and ap-
proved by the local Ethics Committee. Informed consent
was obtained from each patient.
Cell culture. Twelve primary cultures of aortic medial
Table. The demographic and clinical characteristics of
the included patients and controls
Patients
(n  10)
Controls
(n  10)
Age, years 48.2  6.7a 47.7  3.4
Sex, male:female 7:3 7:3
Taking antilipid medications 4 (40%) 2 (20%)
Hypertension 8 (80%) 3 (30%)
Diabetes mellitus 0 0
Smoking history 6 (60%) 5 (50%)
Stanford classification
Type A 9 (90%) —
Type B 1 (10%) —
Dissection staging
Acute phase 9 (90%) —
Chronic phase 1 (10%) —
Arteritis 0 0
Bicuspid aortic valve 0 0
Family history of aortic
diseases
0 0
Rupture 1 (10%) —
Maximal aortic diameter
(cm)
5.4  2.1 —
Emergent operation 9 (90%) —
Elective operation 1 (10%) —
aP  .05.SMCs from six individual patients and six individual con- srols were acquired with optimized explant method. Under
terile conditions, the aortic wall fragment was rinsed three
o four times in 4°CHank’s balance salt solution (Hyclone,
altham,Mass) to remove blood clots. The adventitia with
atty tissues and the endothelium were gently stripped.
hen, the tunica media was cut into 1-mm2 explants. The
xplants were digested in a thermostatic oscillator at 37°C
or 30 minutes (for pathologic tissues) or 1 hour (for
ontrol tissues) with 0.25% collagenase type I, 0.5% elastase
ype I, and 2 mg/mL bovine serum albumin (all reagents
rom Sigma-Aldrich, St. Louis, Mo). Following the diges-
ion, the explants were inoculated into 60-mm culture
lates or 25-cm2 flasks with a distance of 3 to 5 mm
etween each piece. 0.5 to 1 hour later, 1.5- to 2-mL
ulbeco’s modified eagle medium supplemented with 5%
v/v) fetal bovine serum and antibiotics (all from Gibco,
rand Island, NY) were carefully added into the plates or
asks. In the 37°C incubator, the explants should be kept
tationary within the initial 72 hours. Thereafter, the
ulture media were refreshed twice per week. After cells
rew to confluence, they were trypsinized and passaged.
he preceding explants were reinoculated for another
rimary culture. Cell growth and morphology were ob-
erved every other day with a CKX 41 inverted phase-
ontrast microscope (Olympus, Tokyo, Japan). We used
MCs from passages 1 to 3 for analyses, and all experiments
ere performed with cells at the same passage from the two
roups.
Cell proliferation assay. Cell counting kit-8 (CCK-8) as-
ay and [3H] thymidine incorporation were used to evalu-
te in vitro proliferation of SMCs. For CCK-8 assay, cells
ere trypsinized and seeded into a 96-well plate at a density
f 5  103 cells/well. After cell adherence, the culture
edium was refreshed every 24 hours and 20-L CCK-8
eagent was added into each well. After a 2-hour incubation
t 37°C, absorbance of each well was read at 450 nm with
microplate reader (Bio-Tek, Winooski, Vt). All experi-
ents were performed at a period of 9 days. Proliferative
urves of the two groups were drawn according to the
esults.
For [3H] thymidine incorporation, SMCs were seeded
nto a 24-well plate at a density of 104/well with complete
edia. After adherence, the complete media were replaced
ith serum-free media for 48 hours to make SMC growth
ynchronously arrested at the quiescent phase. The cells
ere subsequently stimulated with 10% fetal bovine serum
or another 48 hours in the presence of [3H] thymidine
3.7 107 Bq/mL). Then, the cells were washed with 10%
richloroacetic acid and lysed with 0.3M NaOH and 1%
odium dodecyl sulfate solution (SDS). After adding scin-
illation fluid, radioactivity was counted with a liquid scin-
illation analyzer (Beckman Coulter, Brea, Calif). Results
re expressed as counters per minute (CPM)/106 cells.
Immunofluorescence. The phenotypes of cultured
MCs were first identified by immunofluorescent staining
ith antibodies against -smooth muscle actin (-SMA),
mooth muscle myosin heavy chain 2 (SM-MHC-2),
moothelin, and osteopontin (OPN). These proteins are
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December 20121700 Wang et alwell-established phenotypic markers of SMCs. Briefly, cells
were seeded onto sterile coverslips in a six-well plate. When
the growth density reached 80% to 90%, the cells were
rinsed with phosphate-buffered saline and treated with 4%
paraformaldehyde and Triton X-100. After being blocked
with 5% to 7% goat serum, the cells were incubated with
primary antibodies and subsequently treated in the dark
with secondary antibodies to visualize the proteins. The nu-
clei were counterstained with 4’, 6-diamidino-2-phenylindole
(DAPI). All the primary antibodies used in this study were
purchased from Abcam (Cambridge, Mass), and the sec-
ondary antibodies were from KPL (Gaithersburg, Md) and
Jackson (West Grove, Pa). Catalog codes for all antibodies
are presented in Supplementary Table I (online only).
Histopathology. Full-thickness aortic samples were
fixed in 10% neutral buffered formalin and then embedded
and sectioned. Elastin and total collagen content in the
aortic media were evaluated with Gomori’s and Masson’s
trichrome staining, respectively. Immunohistochemistry
was performed to analyze the expression of matrix metallo-
proteinase (MMP)-1 and -2, type I and III collagens, and
the phenotypic markers. To semi-quantify the immuno-
chemical results, we calculated and graded the percentage
of positive cells in five randomly selected fields at 20
objective magnification (null or minimal, less than 25%
positive cells; weak, 25% to 50% positive cells; moderate,
50% to 75% positive cells; intense, more than 75% positive
cells). The assessments were converted into numerical
scores from 0 to 3 for rank sum test.
Quantitative real-time reverse transcription-polymerase
chain reaction. The mRNA levels of the phenotypic
markers in the cultured SMCs were analyzed by real-time
reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted using the RNeasy kit with DNase
I (Qiagen, Valencia, Calif). The mRNAs were reverse-
transcribed into cDNAs using the iScript kit (Bio-Rad,
Hercules, Calif). Specific primers for the target genes were
designed with Beacon Designer 7.01 software (PREMIER
Biosoft, Palo Alto, Calif). The primer specificity was tested
by running a regular PCR for 40 cycles at 95°C for 15
seconds and 60°C for 45 seconds. PCR amplification was
performed with the SYBR Green supermix kit (Bio-Rad)
following the instructions. The mRNA levels of glyceralde-
hyde phosphate dehydrogenase (GAPDH) were used as in-
ternal control. The primer sequences are indicated in Supple-
mentary Table II (online only).
Immunoblotting. Western blotting was used to
quantify the protein levels of MMP-1 and -2, type I and III
collagens, and the phenotypic markers. Total protein was
extracted from both the aortic media and the cultured
SMCs. After intimal and adventitial removal, a small part of
each tunica media fragments was snap-frozen in liquid
nitrogen. For protein extraction, the frozen samples were
homogenized and the cultured cells were lysed with lysis
buffer on ice. After centrifugation of the homogenates and
lysates, the supernatants were collected and aliquoted. The
protein concentration was determined with BCA assay
(BCA Kit from Pierce, Rockford, Ill). Equal amounts of votal proteins (30-50 g) were subjected to SDS/PAGE
nd electrotransferred to polyvinylidene difluoride mem-
ranes. The membranes were blocked with 5% nonfat milk
n Tris-buffered saline-0.05% Tween 20 for 1 hour at room
emperature and incubated with primary antibodies over-
ight at 4°C, followed by the horseradish peroxidase-
onjugated secondary. GAPDH was used as loading con-
rol. The band intensity was quantified by densitometric
easurement with Quantity One 4.62 software (Bio-Rad)
nd normalized to the expression level of GAPDH. The
ultured SMCs from each group at the same passage were
sed for protein extraction.
Collagen synthesis assay. Proline can be taken up by
MCs and incorporated into newly synthesized collagen;
ence, we assessed collagen synthesis of the cultured SMCs
sing [3H] proline labeling. The two-group SMCs were
eeded into a 24-well plate (105 cells/well) and incubated
n the presence of L - [3, 4 -3H] proline (1.85  106
q/mL). Then, 48 hours later, themedia and the cell layers
ere collected and pooled. After centrifugation, the pro-
ein precipitates were digested with 0.1 mg/mL pepsin
vernight at 4°C. The radio-labeled collagen chains were
etected by SDS-PAGE with Coomassie brilliant blue
taining under reducing conditions.16 The stained bands
orresponding to 1(I), 2(I), and 1(III) were processed
or fluorography. The amounts of newly synthesized 1(I),
2(I), and 1(III) were determined by quantifying the
and intensity.
Statistical analysis. All the quantitative experiments
ere performed in triplicate. Continuous values are ex-
ressed as mean  SD. Data were analyzed by unpaired
-test and rank sum test with IBM-SPSS 19.0 software
IBM Corp, Armonk, NY). Differences were considered
tatistically significant when P  .05.
ESULTS
Atypical cellular morphology in the dissection
ultures. Single or several SMCs derived from the unaf-
ected aortic media were clearly observed sprouting from
xplants within the initial 3 to 4 days after inoculation. In
he following 7 to 8 days, cells reached confluence gradu-
lly, appearing as the “hills and valleys” arrangement.
MCs derived from the dissected media showed the similar
rowth period. Dissection cultures showed the “hills and
alleys” arrangement likewise when cells reached conflu-
nce (data not shown). Besides, control SMCs uniformly
isplayed an elongated, spindle- or triangle-like shape (Fig
, A, C, and E). Although the majority of SMCs from the
issected media showed a parallel appearance as control
ells, some oval cells were observed in the primary cultures
Fig 1, B). After the cells were passaged, there were also
val cells in the dissection subcultures (Fig 1, D and F).
Enhanced cellular proliferation in the dissection
ultures. From day 5, cell growth rates were significantly
igher in SMCs derived from the dissected media. Com-
ared with control SMCs, their average optical density
alue was increased by 1.8-fold at day 9 (P .01; Fig 2,A).
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Volume 56, Number 6 Wang et al 1701Besides, the value of DNA synthesis was also markedly
increased in the dissection cultures compared with controls
at 96 hours after seeding (8153  573.6 vs 3361  511.7
CPM/106 cells; P  .01; Fig 2, B).
Downregulated expression of SMC contractile pro-
teins and upregulated expression of the synthetic
marker both in the dissected media and in the dissec-
tion cultures. At tissue level, immunohistochemistry dis-
played the reduced positive staining for -SMA, SM-
MHC-2, and smoothelin and the increased staining for
OPN in the dissectedmedia compared with controls (Fig 3;
P .01 for all; statistic data shown in Supplementary Table
III [online only]). At the cellular level, control SMCs
showed the intense staining for -SMA, SM-MHC-2, and
smoothelin (Fig 4, A, C, and E), with no staining for OPN
(Fig 4, G). On the contrary, the dissection cultures dis-
played the weak staining for -SMA and SM-MHC-2 (Fig
4, B andD) and the negative staining for smoothelin (Fig 4,
F), with the strong staining for OPN (Fig 4, H).
Similar to the immunostaining results, in vivo protein
levels of -SMA, SM-MHC-2, and smoothelin were de-
Fig 1. Comparison in smooth muscle cell (SMC) morph
uniformly display an elongated, spindle-, or triangle-like
locally in the dissection primary cultures and subcultures
m (objective magnification, 20).creased to 43.9%, 21.7%, and 15.3%, respectively, in the gathologic media, whereas that of OPN was elevated by
.5-fold (P  .01 for all; Fig 5, A). Analysis of real-time
T-PCR andWestern blotting showed that in vitro mRNA
nd protein levels of the contractile proteins were also
ignificantly reduced in the dissection cultures, while those
f OPN were markedly increased (P  .05 for all; Fig 5, B
nd C).
Increased collagen deposition in the dissected me-
ia and enhanced collagen synthesis in the dissection
ultures. Compared with control tissues, Masson’s
richrome and Gomori’s staining showed increased total
ollagens and decreased elastin in the dissected media, which
re consistent with elevated deposition of collagens I and III
evealed by immunohistochemical staining (Fig 6). In vivo
rotein levels of collagens I and III were significantly raised by
.6- and4.0-fold, respectively, in the dissectedmedia (P .01
or both; Fig 7, A). The amounts of the newly synthesized
2(I) and 1(III) were also remarkably increased in the dis-
ection cultures (P  .01 for both; Fig 7, B), although there
as no significant difference in that of 1(I) between the two
y between the two group cultures (A-F). Control SMCs
e (A, C, and E). A small number of oval cells aggregate
, and F). The scale bars in the lower right corner equal 10olog
shap
(B,Droup cultures (P .63; Fig 7, B).
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December 20121702 Wang et alElevatedMMP-2expressionboth in thedissectedmedia
and inthedissectioncultures. Immunoreactivities forMMP-2
were increased in the dissected media compared with con-
trols (Fig 8, C and D; P  .01, statistic data shown in
Supplementary Table III [online only]). The staining for
MMP-1 was weak both in the unaffected media and in the
dissected media (Fig 8, A and B; P  .29, shown in
Supplementary Table III [online only]). In vivo and in vitro
protein levels of MMP-2 were higher in the dissection
group (P .01 for both), whereas there were no significant
differences in those of MMP-1 between the two groups
(P  .05 for both; Fig 9, A and B).
DISCUSSION
Through in vivo and in vitro experiments, the pres-
ent study is novel to confirm that SMC phenotypic
alteration is involved in TAD. Besides, the present study
is the first to indicate that the synthetic SMCs in the
dissected media can raise both collagen synthesis and
MMP-2 production. Well-established SMC cultures also
provide important tools for investigations to explore the
pathogenesis of TAD.
Together with ECM disorders, SMC rarefaction in the
aortic media is the common histologic feature of TAD.17
Necrosis and apoptosis are considered to cause the loss of
Fig 2. Proliferative curves and DNA synthesis indexes of the two
group cultures (A and B). From day 5, cell growth rates are
significantly elevated in the dissection cultures (A, n  6). [3H]
thymidine incorporation is also markedly increased in the dissec-
tion cultures compared with controls (B, n  6). The error bars
show the standard deviation. *P  .01.SMCs.18 However, vascular SMCs are not merely inert. ifter both hypoxic19 and mechanical injuries,20 vascular
MCs can “actively” switch from the contractile to the
ynthetic. The synthetic SMCs produce various substances
nvolved in vascular remodeling, including ECM proteins,
rowth factors, and proteases. Overexpression of these prod-
cts in the aortic wall can impair the structure and the me-
hanical properties of the aortic wall. In this sense, the pheno-
ypic alteration of aortic SMCs has greater significance than
heir necrosis or apoptosis.21 Nevertheless, only a few publi-
ations have referred to SMC phenotypes in the dissected
ortic media1,21 and no available studies have testified the
elevance between SMC phenotypes and ECM disorders in
he dissected media. Therefore, the actual role of SMCs in
he pathogenesis of TAD has not been unraveled.
In comparison with the contractile SMCs, the synthetic
ave enhanced proliferative potential and reduced expression
f contractile proteins. In the present study, the cultured
MCs from the dissected media exhibited significantly in-
reased growth rates and DNA synthesis. Furthermore,
hey showed the negative staining for SM-MHC-2,
moothelin, and -SMA while were intensely stained for
PN. Among the full repertoire of SMC contractile pro-
eins, SM-MHC and smoothelin are regarded as the best
ontractile phenotypic markers due to their exclusive and
ensitive expression in fully differentiated SMCs.22-24 OPN
s widely used to discern the synthetic properties of
MCs.25,26 The quantitative experiments demonstrated
he coincident results. These findings provide powerful
vidence for the phenotypic alteration of SMCs derived
rom the dissected media.
A fibroblast-like or epithelioid shape is the characteris-
ic morphology of the synthetic SMCs.27,28 In contrast
ith the typical appearance of control SMCs, our study
emonstrated that there were some oval SMCs in each
rimary culture of the dissection group, and the morpho-
ogic alteration was retained in the subcultures. Despite the
inor amount of these epithelioid SMCs, the dissection
ultures uniformly displayed the intense staining for the
ynthetic marker and the negative staining for the contrac-
ile proteins, whatever the cellular morphology. Consis-
ently, the overall protein level of the synthetic marker was
levated, and those of the contractile proteins were de-
reased in the dissection cultures. It suggests that, during
he process of the phenotypic alteration, the alterations in
he biologic behaviors and in the expression of the pheno-
ypic markers may be prior to the morphologic change. In
act, the contractile and the synthetic represent the two
nds of SMC phenotypic alteration, and a number of SMCs
xist with intermediate phenotypes.28
Previous studies have reported that the phenotypes of
ultured SMCs tend to switch spontaneously after serial
assage or in the presence of high-serum medium, some
ypes of growth factors and ECM components.29,30 In this
ork, we attempted to overcome the drawback by culture
MC in the low-serum environment, without adding exog-
nous growth factors and ECM proteins. The cultured
MCs were limited among passages 1 to 3 for each exper-
ment. Moreover, in vivo expression of the phenotypic
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Volume 56, Number 6 Wang et al 1703markers was also observed in the aortic tissues, and the
results are in line with in vitro findings.
Following SMC phenotypic alteration, a series of patho-
logic events can occur. On one hand, our data showed the
enhanced collagen synthesis in the dissection SMC cultures,
and collagens I and III deposition was correspondingly raised
in the dissected media. Types I and III are the principal
collagens in the aortic wall and responsible for aortic stiffness.
However, overaccumulated collagens result in fibrosis in the
Fig 3. Representative immunohistochemical results of tiss
(A-H). Immunoreactivities for the phenotypic markers a
Decreased staining for -smooth muscle actin (-SMA) (B
smoothelin (F) are shown in the dissected media compared
contrast, the staining for osteopontin (OPN) is raised in the
The scale bars in the lower right corner equal 10 m (objecaortic wall, which not only weakens aortic compliance to the tulsatile pressure but also leads to occlusion of intramural
ortic vasa vasorum. The ischemic injury can cause SMC
ecrosis, thus further devastates aortic structure and mechan-
cal properties.5
MMP-2 production, on the other hand, was also ele-
ated as the consequence of SMC phenotypic alteration.
MP overexpression in the aortic wall is believed to play an
mportant role in the pathogenesis of dilative aortic pathol-
gies. MMP-1, -2, and -9 are extensively investigated, and
cimens for smoothmuscle cell (SMC) phenotypicmarkers
dominantly localized in the cytoplasm of medial SMCs.
oth muscle myosin heavy chain 2 (SM-MHC-2) (D), and
the unaffected media of control tissues (A, C, and E). In
cted media (H) compared with the unaffected media (G).
agnification,20).ue spe
re pre
), smo
with
disseheir striking upregulation has been observed in the aortic
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December 20121704 Wang et alwall from patients with TAD and thoracic aortic aneurysm
(TAA).1,3,20,31,32 In addition, in vitro cultured SMCs de-
rived from the abdominal aortic aneurysmal wall exhibited
the increased synthesis of MMPs.33 Similarly, our study
demonstrated that both in vivo and in vitro production of
MMP-2 were markedly elevated in the dissection group,
although there were no significant differences on MMP-1
expression between the two groups. MMP-1 (interstitial
Fig 4. Immunofluorescent results of cell cultures for s
staining for -smooth muscle actin (-SMA) (B) and sm
and the staining for smoothelin (F) is similar to backgro
proteins is intense in control cultures (A, C, and E). Con
osteopontin (OPN) (H), which is lacked in control cultu
bars in the lower right corner equal 5 m (objective magcollagenase) degrades type I, II, and III collagens, while EMP-2 (gelatinase A) that is primarily produced by SMCs
egrades type IV collagen and elastin.1,2 In the presence of
nhanced collagen synthesis with MMP-2 overexpression
nd without MMP-1 upregulation, it is logical to explain
he histologic features of the dissected media that are
haracterized by decreased elastin and increased collagens I
nd III.
In physiological situations, the stable composition of
h muscle cell (SMC) phenotypic markers (A-H). The
muscle myosin heavy chain 2 (SM-MHC-2) (D) is weak
the dissection cultures, while that for these contractile
ly, the dissection cultures show the positive staining for
G). The nuclei are stained as blue with DAPI. The scale
tion, 20).moot
ooth
und in
verse
res (CM proteins with a low turnover rate is essential for
d
t
i
.05,
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Volume 56, Number 6 Wang et al 1705maintaining the mechanical properties of the aortic wall.
Elastin imparts distensibility except that collagen conveys
stiffness.34 Through reducing elastin/collagen ratio, the
Fig 5. In vivo and in vitro expression levels of smooth m
the unaffected media, in vivo protein levels of the contrac
whereas that of osteopontin (OPN) is elevated (A, n  1
the contractile markers are markedly reduced in the disse
vitro mRNA levels of the phenotypic markers show the s
standard deviation (error bars). -SMA, -Smooth musc
SM-MHC-2, smooth muscle myosin heavy chain 2. *P phenotypic alteration of medial SMCs can attenuate aortic Mistensibility and raise predisposition to dissection. Al-
hough we have not evaluated the expression of tissue
nhibitors of metalloproteinase (TIMPs)—the inhibitors of
cell (SMC) phenotypic markers (A-C). Compared with
oteins are significantly decreased in the dissected media,
ompared with control cultures, in vitro protein levels of
cultures, while that of OPN is increased (B, n  6). In
results (C, n  6). The results are expressed as mean 
in; GAPDH, glyceraldehyde phosphate dehydrogenase;
**P  .01.uscle
tile pr
0). C
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imilar
le actMPs—it is postulated that SMC phenotypic alteration
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imbalance subsequently causes elastin degradation. Fur-
thermore, changes in ECM composition can exert retroac-
tion on SMC phenotypes.35
At present, it remains unknown how to initiate SMC
phenotypic alteration in TAD. As the predisposing factor
for the formation of TAA and TAD, hypertension has
been proposed to induce the phenotypic transition
through diminishing SMC-elastic fiber and intercellular
Fig 6. Histopathologic alterations of collagen and ela
staining demonstrates the strikingly increased collag
unaffected media (A and C). Masson’s trichrome stain
dissected media (F, collagens are stained blue and sm
controls (E). Gomori’s staining displays the severe fra
media (H, elastic fibers are stained violet or dark blue) c
corner equal 5 m (objective magnification, 40).contacts in the aortic media.21 However, not all dissec- eions develop with hypertension, and our study showed
MC phenotypic alteration in two patients with normal
lood pressure. As for familial and syndromic TAD,
ecent studies have revealed that mutations in SMC
ontractile genes alter the phenotypes and cause inher-
ted predisposition to TAD.36-38 Thereby, it has raised a
uestion on whether there are similar molecular mecha-
isms in SMC phenotypic alteration concerning sponta-
eous isolated TAD. More investigations are required to
in the dissected media (A-H). Immunohistochemical
and III in the dissected media (B and D) vs the
hows the elevated deposition of total collagens in the
muscle cells [SMCs] are stained red) compared with
tation and decrease of elastic fibers in the pathologic
red with controls (G). The scale bars in the lower rightstin
ens I
ing s
ooth
gmen
ompaxplore the regulatory mechanisms of the phenotypic
nase. *P  .01, † P  .63.
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Volume 56, Number 6 Wang et al 1707Fig 8. Representative immunohistochemical results of matrix metalloproteinase (MMP)-1 and -2 (A-D). Immuno-
reactivities for MMP-2 extensively distribute in the dissected media (D), while those are scanty in the unaffected mediaFig 7. In vivo protein levels and in vitro synthesis of collagens I and III (A and B). In vivo protein levels of collagens
I and III are significantly higher in the dissectedmedia compared with controls (A, n 10). The band intensity of 2(I)
and 1(III) labeled by [3H] proline is significantly raised in the dissection cultures compared with controls (B, n 6).
The results are expressed as mean  standard deviation (error bars). GAPDH, Glyceraldehyde phosphate dehydroge-(C). The staining for MMP-1 is weak both in the unaffected media and in the dissected media (A and B).
R .0
JOURNAL OF VASCULAR SURGERY
December 20121708 Wang et aldiversity which exists between unaffected and dissected
aortas.
CONCLUSIONS
Our findings testify that ECM disorders are closely
related to SMC phenotypes in the dissected aortic media. A
subtle balance among ECM proteins, MMPs, and SMCs in
the aortic wall is essential for aortic structure and function,
and aberrant SMC phenotypes may upset this balance and
contribute to the pathogenesis of TAD.
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eopontin; SM-MHC-2, smooth muscle myosin heavy chain 2.
scription-polymerase chain reaction; SM-MHC-2, smooth muscle myosin heavy
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Antibody Manufacture
Primary antibody
-SMA Abcam
SM-MHC-2 Abcam
Smootheline Abcam
OPN Abcam
MMP-1 Abcam
MMP-2 Abcam
Collagen I Abcam
Collagen III Abcam
Secondary antibody
DyLight 488 labeled KPL
DyLight 594 labeled KPL
Horseradish peroxidase conjugated Jackson
Horseradish peroxidase conjugated Jackson
-SMA, -Smooth muscle actin; MMP, matrix metalloproteinase; OPN, ost
Supplementary Table II (online only). Primer sequence
Target gene Primer
SM-MHC GGCCTCCTCCCACAAGGGCA
GGCGTTGCCGAAAGCCTCCA
OPN GCCTTCTCAGCCAAACGCCGA
TGGCCACAGCATCTGGGTATTTGT
-SMA GGCCCGAGCCGAGAGTAGCA
GATGGACGGGAACACGGCCC
Smootheline CCCCAGCTGCGGACAACCCT
CTGACATGCCGTCCTCGGCT
-SMA, -Smooth muscle actin; OPN, osteopontin; RT-PCR, reverse tran
chain 2.
Supplementary Table III (online only). Semiquantitativ
phenotypic markers in the aortic media
-
(Mean score of
Control (n  10) 3.0 2.6 2.6 3.0
Dissection (n  10) 1.6 1.4 1.0 1.2
SM-
Control (n  10) 2.2 2.2 2.2 2.2
Dissection (n  10) 1.2 1.4 0.6 1.0
Smo
Control (n  10) 2.0 2.0 2.0 2.0
Dissection (n  10) 1.0 1.2 0.6 1.0
O
Control (n  10) 1.2 1.0 1.0 0.6
Dissection (n  10) 2.2 1.8 2.0 2.0
M
Control (n  10) 1.2 1.0 0.6 0.8
Dissection (n  10) 1.4 1.6 0.8 1.0
M
Control (n  10) 0.2 0.4 0.6 0.2
Dissection (n  10) 1.8 2.2 2.0 2.0
-SMA, -Smooth muscle actin; MMP, matrix metalloproteinase; SM-MHC
For each tissue sample, mean score of immunoreactivity of each protein is d
are summed up and divided by five. Ranking and scoring are shown in the M
aP  .01.
bP  .29.d for immunostaining and immnuoblotting
r Catalog code Description
ab7817 Mouse monoclonal
ab683 Mouse monoclonal
ab8969 Mouse monoclonal
ab8448 Rabbit polyclonal
ab52631 Rabbit monoclonal
ab37150 Rabbit polyclonal
ab34710 Rabbit polyclonal
ab7778 Rabbit polyclonal
072-03-15-06 Goat anti-rabbit
072-09-18-06 Goat anti-mouse
115-035-174 Goat anti-mouse
211-032-171 Goat anti-rabbits used in real-time RT-PCR and reaction conditions
Product size (bp) Reaction condition
121 40 cycles, annealing at 60°C
164 40 cycles, annealing at 60°C
159 40 cycles, annealing at 60°C
144 40 cycles, annealing at 60°Ce analysis for immunoreactivity of MMP-1 and -2 and the
SMAa
each tissue sample)
2.8 2.8 2.6 2.8 2.8 2.6
0.6 1.0 1.2 0.8 0.6 0.4
MHC-2a
2.4 2.4 2.0 2.4 2.0 2.4
0.8 1.0 0.6 0.4 0.6 0.6
othelina
2.0 1.8 2.0 1.6 1.6 1.6
0.4 0.6 0.6 0.8 0.2 0
PNa
0.4 0.8 0.6 0.8 0.6 0.4
1.2 1.6 1.4 1.2 1.6 1.6
MP-1b
1.0 0.4 0.2 0.6 0.8 0.8
1.2 1.0 0.4 0.6 0.6 0.8
MP-2a
0.4 0.2 0.2 0.2 0.2 0
1.6 1.4 1.4 1.2 1.2 2.2
-2, smooth muscle myosin heavy chain 2.
erived as follows: score values of the five randomly selected fields for each sample
ethods section.
